ABSTRACT. Drapery meshes are protection devices installed on a cliff for mitigating rockfall hazard. They can prevent the detachment of rock fragments and control the dynamics of the falling blocks. During their design working life, drapery meshes are subjected to ageing phenomena, corrosion and impact, which can invalidate the purposes of the protection devices. A novel procedure based on a multi-hierarchical assessment of the damages is proposed. The approach is tailored for two technologies well diffused in the Alps. The main components of the system are identified and the effects of each potential damage on the overall behaviour are taken into account through risk analysis approached. A site campaign serving to test the procedure is described. The proposed approach can be modified to consider other drapery mesh installation types.
INTRODUCTION
ockfall represents one of the most hazardous landslide phenomena that can cause fatalities to people and damages to structures and infrastructures [1] [2] [3] . Protection structures are installed for reducing rockfall risk in inhabited areas. These can be classified into active (if rock block instability is prevented) and passive (if the blocks are intercepted and stopped before reaching the targets). Drapery meshes are protection structures that can be classified either passive or both active and passive simultaneously [4] . They generally consist of steel wire mesh panels, suspended from upslope anchors [5] , capable to control the movement of rock fragments (acting as an active protection), to withstand the punching force of falling rocks, driving the detached blocks at the foot of the slope in a controlled manner (acting as a passive protection). To achieve such goals, the mesh should be kept as close as possible to the slope and be secured both at the top and the bottom of the slope. This is one of the most adopted solutions in case of cliffs close to transportation route or to inhabited areas [6] . Other types of passive protection systems comprise embankment and ditches, rockfall protection galleries and flexible protections systems, such as rockfall barriers [3] . Various technical solutions exist [4] . They generally consist of a suspended mesh, with additional horizontal and vertical ropes. In addition, the drapes can be combined also with face bolts or other kind of anchors, which directly act on the stability of the block, connected each other and to the nets through diagonal ropes. This system prevents rockfall and R controls its dynamics containing the small falling fragments into delimited sectors of the mesh. It can be adopted in various situations such as when the degree of fragmentation is high, or when localised unstable blocks are highlighted, it represents a powerful alternative solution to rockfall barriers/fences when the release area is small and the expected rockfall bounce height or kinetic energy are excessive. The recent studies on such rockfall mitigation structures mainly focus on the design methods [7] [8] [9] and the numerical modelling [10] [11] [12] [13] [14] . Experimental studies have been performed on real scale installations [4] or on single components [11, 15] . Recently, Gratchev and colleagues analysed the friction mechanisms that form between the net and the face, which can be identified as the main contribution to the functioning of the rockfall protection [16] . The effects of snow and ice on the mesh are significant for the design of the anchors as noted by Shu et al. [15] . To our knowledge, the efficiency over the time of drapery systems has not been object of study, yet. The majority of the studies focused the attention on the time-dependent effects on a single component of the system: the anchors [17] [18] [19] . As any structure, drapery nets are multicomponent protection devices that can be compromised during time. Ageing, corrosion, interactions with blocks, vegetation, wild animals, or people can affect the integrity and the structural capabilities of the systems. Lacerations or bowings in the net, corrosion, or detachment of the anchors are the most common damages that can occur. In this perspective, periodic surveys are required to investigate performance level over time of such systems. Although surveying such systems is often critical, the evaluation of the degree of damage of such structures is, in fact, fundamental for defining a priority scale of maintenance interventions, to be related with rockfall risk, i.e. with rockfall probability of occurrence and exposure in a given area. Thus, an assessment of the efficiency of drapery mesh is required. Due to the extension and variety of drapery nets systems, e.g. in the Alps, the protocol needs to be as general as possible, avoiding time-consuming and expensive ad-hoc survey campaigns, or an ongoing monitoring and surveillance system. With this perspective, the present work aims to introduce an encoded expeditious procedure to evaluate the degree of degradation of drapery mesh systems, assessing their state of conservation. This method represents a compelling solution for both authorities and designers in risk evaluation and management strategies. The presented work is based on a multicriteria analysis, involving an encoded screening survey.
EFFICIENCY OF AGED DRAPERY NETS
espite their worldwide use, no universally recognised guidelines or technical standards exist for the design of drapery systems [4] . Their mechanisms of passive or combined passive/active rockfall protection have been under debate for a long time [8] . Furthermore, the uncertainties of the loading conditions (snow, debris, etc.) to consider in the design increase the difficulty to encode a standard design procedure. As a consequence, empirical and simplified design approaches have been adopted, based on the geotechnical specialists' experience, incurring sometimes in under-sized elements [20] . The design procedure needs to account for the influence of the mesh weight, the friction interface between the slope and the mesh and the possible accumulation of debris [21] . The first drapery mesh installations date back to the Fifties [12] . At present, the "Design Guidelines for wire mesh/cable net slope protection" [20] issued by the Washington State Department of Transportation are the only rules for the complete design of a simple drapery system. In 2012, the Italian Standardisation Committee released the UNI 11437 standard [22] , which describes the punching test procedures on meshes for slope coverage. With particular reference to the tests on the net ASTM A975 standard [23] must be considered. In the following, the essential components constituting a drapery mesh system are listed in the attempt to create a list as general as possible for the large variety of installations. Both simple and reinforced types are investigated. The possible damages on each part were investigated, considering the effects of aging, corrosion, weathering, impacts with blocks, interactions with debris, vegetation, animals and even people. At the end, the influence of degrade on aged components on the global efficiency of the system is discussed. The analyses reported in the following refer to the study cases found in the previously mentioned bibliography. A widespread survey campaign was performed in the Northwestern Italian Alps, where a large variety of rockfall protections are installed. As a consequence, the proposed method is tailored to the common European protection systems.
Main elements of a drapery net
Generally speaking, drapery systems can be classified into two main typologies: simple drapery or reinforced wire mesh drapery [4] . Simple wire mesh drapery systems ( Fig. 1.a) are essentially made of metallic nets (wire or ropes) fixed at the top with anchors. A top rope serves for ensuring the stability of the mesh. Usually, additional fixing points (and a rope) are present at the bottom of the net. The nets are left unanchored along the slope. They control the dynamics of the falling of debris and rock elements along the slope, preventing their bouncing. Sometimes vertical and/or horizontal metallic ropes D are present, increasing the adhesion of the net to the slope, but without other specific structural aim. The mesh has to resist tangential and normal forces induced by falling blocks that can tear or puncture the mesh. Reinforced drapery meshes ( Fig. 1.b) are essentially made in the same way as the simple meshes. Besides, additional metallic ropes fixed to the cliff through a regular pattern of bolts enforce the adhesion of the net to the rock face. This system allows the small falling blocks to be collected into delimited sectors of the mesh and increases the stability of the fragmented face through the bolts, i.e. exerting an active role. The performance of the previously described systems depends on the adopted solutions for the mesh, the ropes, and the anchors. Nets are made of steel wire meshes, which can be single-twisted rhomboidal or double twisted hexagonal. Other solutions consist in cable net panels made of metallic cables, connected with clips or knots, or ring net panels, laced together with steel cables or other devices. Usually, cable net is combined with wire mesh to intercept smaller blocks. Panels are connected each other with clips or knots, or sewed up with a steel wire or cable passing through the whole panels edges (Fig. 2) . Supporting elements, i.e. the top and the bottom ropes, and the reinforcing ropes, are made of galvanised steel. The anchors are usually grouted bars or injected cables. The connection between the anchor and the ropes can be various according to anchor type. At the ends of grouted bars, eye-bolt solution (with or without plate), bolted anchorage plates with anchor nuts, or a grouted U-bolt are directly connected with the ropes, passing through the hoop. In the injected cable case, the rope directly passes through a rope loop, or it is connected to it by means of a shackle. Nevertheless, a large variety of technologies for fixing can be found (Fig. 3) . The metallic ropes are held in tension through rope clips. A large variety of technologies for fixing and connecting the various components of the system can be found. With the aim to encompass the largest number of drapery types, the elements to consider in the performance evaluation are listed in Tab. 1 grouping together a rope with its anchors. It must be noticed that in simple drapery systems the intermediate ropes do not play a structural support function. In this sense, the term "intermediate ropes" was adopted. On the contrary, "support ropes" was chosen for the reinforced systems. "Top" and "bottom" ropes are the shortened version of top and bottom boundary ropes, respectively. 
Damages on the elements
All the possible critical scenarios or damages occurring on the main components of the drapery system, identified in Tab. 1, are evaluated. Tab. 2 reports a list of potential damages, i.e. the damages that can occur on each component if subjected to certain stress/environmental conditions. In the third column of Tab. 2, the observed damages are reported. These are a complete list of already occurred damages that can preclude the correct functioning of the drapery system, as detailed in the following. 
Main components

Effects of the local damages on the global efficiency
The local damages identified in the previous section affect the efficiency of the entire drapery system in different ways, depending both on the damaged element and on the type of damage. The elements identified in Tab. 1 play different roles in the stability and functionality of the entire system. Their damage, or absence, affects and compromises the global efficiency in different ways. As a consequence, identifying a hierarchy across the components and understanding the damage propagation and the failure processes is the key issue in the efficiency evaluation procedure. In order to explain the double hierarchy between the components and system efficiency and between damages and system efficiency should be considered. The core of the protection system is represented by the mesh that actively acts on the statics of the potentially falling blocks and on their dynamics. All system components aimed at sustaining the mesh and keeping it in the right position are fundamental for the correct functioning of the system, and their absence (due to ageing) implies that the protection system is inefficient. These are the top rope, the connection between the wire mesh panels, and the connection between the wire mesh and the top rope for the simple drapery system. In addition, for reinforced drapery systems, the support ropes are added to the list of fundamental elements. Note that the term "ropes" refers to the overall components, including the anchorages. Trying to find the double hierarchy levels between damages and system efficiency, the mesh is used as an example. Its integrity and adherence to the cliff are essential for an efficient protection. In case of lacerations of the mesh, the falling blocks can exit the protection structure. It might happen that the laceration is the result of a previous rock detachment event, i.e. a case in which the protection of the system did not work properly. In addition, the damages can be due to an overload or an undesired (or unexpected) type of loading. A potential damage situation (such as corrosion) can reduce the mechanical properties of the mesh, leading to a similar effect. Anyway, the removal of the corrosion protection decreases the efficiency of the system less than a laceration. As an example, other sorts of interference, such as the presence of vegetation in the drapery system, can presuppose an unexpected functioning of the installation, as described in Tab. 2. It emerges that the several types of damages on the single elements have different degree of importance for computing the efficiency of the global system. With reference to the fixing to the cliff face, the lack of an anchor increases the failure probability of the system more than the corrosion of the same anchoring element. From a general point of view, it can be inferred that the lack of an element affects the efficiency of the system more than its corrosion, deformation, or interaction with vegetation. As a consequence, for example, during the survey operations, the assessment of the presence and the inspection of the top has to be as much accurate as possible, and the eventual presence of vegetation can prevent a careful survey.
METHODOLOGY
he purpose of the proposed approach is the evaluation of the residual efficiency of the investigated drapery net system types when no quantitative data from monitoring is available. The proposed method intends to be an alternative solution to a continuous monitoring, i.e. it is a tool for assessing how ageing affects the protection system. T Thus, it is hypothesised that at the beginning of its working life, the drapery system has its maximum efficiency. The tool has not been conceived for analysing if there are design or construction errors in the protection structures. Similarly, nothing is said about the quality of the project and its effectiveness.
Component
Potential 
Mesh-rope connections
If the rope is sewed up in the mesh, local damages on the mesh can make the connection inefficient Table 2 : Potential and observed damages on the main components of the system.
The main idea of the approach is to consider the mutual dependencies between the main components and global failure, and local damages and main component, to quantify the residual capacity. The double hierarchy evaluation process described was automated and encoded. In this perspective, assuming a periodic investigation on the efficiency of the structure, a check list of the issues to consider and assess was provided. Depending on the drapery system type, two different lists in which each entry represents a possible local damage or critical situation for an element of the drapery system were proposed. The two left-hand side columns of Tab. 3 and 4 report the considered issues for each component of simple and reinforced drapery net systems, respectively. From a technical point of view, it is expected that an expert (say an engineer or a geologist) is called for a periodic survey of the structure, assessing the damage, deterioration, or even to mark the fact that the component is missing. Three increasing damage levels were introduced, as described in Tab. 5. Due to the inherent subjectivity of the approach, which is operator-based, the choice of three levels seems to be a profitable solution. Fig. 4 shows examples of damage states according to the authors.
To consider the different influence of these issues on the maintenance of the system efficiency, different weights were associated to each point of the check list. Based on the outcomes of past studies reported in the literature, the highly qualified experience of the authors, and in-situ observations, three importance classes were defined: C1 when the influence of the issue to the overall efficiency is negligible, C2 when the issue might influence the protection system, and C3 when the issue is critical and dramatically reduces the efficiency of the protection system. The right-hand side columns of Tab. 3 and 4 report the importance class of each point of the check list. 
Definition of the maintenance level of the system
The level of damage for each element and the class of importance were matched to evaluate the efficiency of the whole drapery mesh system. The method mimics two techniques adopted in risk assessment: weighted sum and matrix approaches. The former represents one of the most common empirical method to evaluate the hazard associated to a natural disaster. It consists in the assignment of a global score, increasing for higher hazard, obtained as a function of the presence of some predisposing factors, weighted by the importance of each. At each factor, a score is assigned and the global score derives from the weighted sum of the single scores divided by the weighted maximum. The weighted process partially limits the inherent subjectivity of the method [24, 25] . Matrix evaluation techniques are a widely employed and are profitable methods for evaluating the risk level. These methods are based on the subdivision in categories for both the probability of occurrence of an event (usually the rows of the risk matrix) and the severity of the consequences (the columns). Each cell of the matrix identifies a risk level [24, 26] These two methods were tailored, revised and partially combined to define the efficiency of the whole drapery mesh. Tab. 6 details the score assigned to each damage level -importance factor. The global score of the drapery mesh is the summation of each single score. The score increases as much as the residual efficiency reduces. The greater the number of elements that exhibit criticality is, the higher the global score. The weighted maximum scores range from 0 to 113 for simple drapery nets, and from 0 to 109 for reinforced drapery nets, provided that all elements are present, while the global score ranges from 0% to 100%. If one (or more) are absent, all the local/potential damages linked to these are not considered in the weighted global maximum, i.e. if a rope is missing, all damages related to anchor and connection are not considered. As previously detailed, it emerges that either the deterioration of several minor components or the damage of a unique principal part of a drapery system can compromise the whole system efficiency. In addition, the system can be ineffective even though a single component is in a highly damaged situation. This occurs if the component is fundamental and the expected consequence is marked as C3. In this particular case, for example, the global score is low, but a sudden maintenance work is needed. As a consequence, another additional qualitative indicator is associated to the system relating to the state of conservation of the system, indicating if a sudden repair is needed to restore the system to its initial condition. A risk-matrix was defined, as shown in Tab. 6. Three maintenance levels were introduced, depending on both the level of damage and the class of importance of the component: A0 if a long-term maintenance plan is needed, A1 if a short/medium-term maintenance plan is needed, and A2 if urgent maintenance is needed. The maintenance level of the whole system is the worst maintenance level obtained by each component. In this way, if almost one part has maintenance lever A2, the drapery mesh system requires a sudden maintenance, while A1 identifies a partial loss of functionality that can be recovered in larger times. In addition, the number of damaged components directly relates to the extent of the required intervention works. Table 4 : Classes of importances (CoI) for the assessment of the residual efficiency for all the considered components in reinforced drapery net systems (maximum equal to 109).
Damage level Mesh & Ropes Anchors & Connectsions D0
The considered damage is absent or limited to a very reduced portion (up to 25%)
None of the parts is damaged. The element is present
D1
The considered damage is diffused (from 25% to 75%)
A slight or intermediate of damage is present, at least in one anchor or connection D2
A large part of the component is affected by the considered damage (from 75%)
At least one part is damaged. The element is absent. 
STUDY CASES
he residual efficiency assessment procedure herein proposed was tested in various sites located in the Northwestern Italian Alps. The campaign serves both for verifying the influence of the single damages on the overall functioning of the rockfall mitigation structures and for testing the capabilities of a matrix approach, evaluating if the proposed procedure is able to minimise the subjectivity, which is intrinsic in such man-made survey operations. The investigated structures are directly placed above local and national roads. Their selection was based on the possibility to reach the top of the drapery net. The sites are located at an altitude ranging from 300 to 1100 m a.s.l. The slope angle of the cliffs onto which the surveyed drapery nets are installed is variable: gentle slopes as well as overhanging cliffs were examined. A large heterogeneity in the characteristics of the protective structures was observed. In detail, the size of the nets is between 20 to 500 m in length and 5 and 30 m in height. As expected, various net types and damage levels were observed. In the following, the relevant aspects of the survey campaign are reported. Three study cases are illustrated (Tab. 7 details the scores attributed to each component). Fig. 5 .a shows a simple drapery net system (Case A) installed in a debris slope, in which a few anchors of the top rope are unthreaded. The assigned damage level at "Top rope -Unthreading of the anchors" entry of Tab. 3 is D2 since the element is missing, i.e. at least one anchor is unthreaded. Considering the importance class of this damage, i.e. C3, the maintenance level raises up to A2, requiring urgent intervention works. This outcome of the procedure is confirmed by the fact that the system is no more capable to drive the debris at the foot of the slope in a controlled way. The spacing between two fixing points is large and the top rope is slack engendering an unsuited deformation of the wire mesh, which loses its adhesion to the slope. In this particular case, both signs of corrosion on top and bottom ropes and a significant amount of debris accumulated in the foot of the slope were observed. Fig. 5 .b shows a reinforced drapery system (Case B) installed on a vertical gneiss cliff. The visual inspection reports a wellpreserved anchoring system. The local damages affect the support ropes, with a small degree of corrosion, the connection between the wire mesh panels. The wire mesh is slightly corroded, with vegetation interacting with it. The global maintenance level is A1, i.e. medium plan intervention, while the global score is quite high (32). The observed situation is well represented by the outcomes of the procedure, since the system preserve a certain degree of functionality. Fig. 5 .c shows a reinforced drapery system (Case C) located in a debris slope. The visual inspection reports that no corrosion problems emerge, with a global well-preserved situation. The presence of vegetation interacting with the mesh represents the only critical situation. With the adoption of the proposed method, the global maintenance level is A1, i.e. long term intervention works, and the global score is low (2) . This result is in complete agreement with what observed. It is worth noting that Case A and Case B have similar overall score, meaning that the overall damage level is similar, i.e. in both cases several elements are damaged. Anyway, in Case A only the damage precludes the correct functioning of the protection system, i.e. the maintenance levels are different. As an overall comment, the driving idea of classifying the components into main categories helps in dealing with the heterogeneity of techniques within the same site. For example, different mesh types (wire mesh and cable net) are sometimes combined, see Fig. 6 .a, or different anchoring devices are used. More frequently, the two investigated different drapery net systems occur in sequence, i.e. a simple and a reinforced drapery nets, as shown in Fig. 6 .b. In this case, since the check list is system-dependent, two different analyses must be considered, as the influence of the local damages on the global efficiency varies. Global score 52% 30% 1% Table 7 : Results of the survey campaign on the three cases commented in the text. The sum of the scores and the most severe maintenance level (in round brackets) are reported for each component. If the component is not present, a sign * is added to the score.
CONCLUSIONS AND FURTHER OUTLOOKS
rapery net systems are widely employed and profitable measures to mitigate the risk of rockfall events. Nevertheless, their failure or destruction would cause serious consequences, both in term of causalities and economical damages. Due to their importance, a continuous monitoring would be profitable to evaluate the maintenance of their efficiency despite ongoing ageing and/or local damages. Unfortunately, continuous or periodic monitoring is rarely adopted, as it is high time-consuming, and thus no quantitative data are available for the planning of the maintenance works. As a consequence, the proposed quick-assessment procedure herein reported aims at addressing the problem of estimating the efficiency of a rockfall drapery mesh system and establishing a priority list for intervention works. The presented method is based on a multi-criteria analysis, involving an encoded screening survey. The leading idea is that either the deterioration of several minor elements or the damage of a unique fundamental element of a drapery system can compromise the whole system efficiency. This entails a double hierarchy problem, since the final evaluation depends both on the damaged/deteriorated part and on the magnitude of the damage itself. The process is implemented through a list of observed items that the surveyor must check in analysing the protection structure. A damage level and a class of importance for each entry let to assign a global score and a maintenance level to the structure, indicating if urgent reparation works are needed. The lack in the prescriptions for such kind of hazard mitigation structures lead the authors in fixing the attention on two different drapery types. Similarly, the procedure can be implemented on other installation types, keeping fixed the identification of the main components and the effects of damage on the overall behaviour. A site campaign was performed to validate the weights assigned to each issue, despite the valuable range of observed different solutions, indeed, a good agreement between the observed conditions of the system and the obtained results emerges. The double information obtained by the global score and the global maintenance level provided a compelling solution to understand both the severity and the extension of the possible required maintenance intervention. Further developments can be achieved, expanding the methodology for other mitigation measures [27] . D T
